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Abstract 
The Kingston Peak Formation of Death Valley, California, provides an exceptional archive of Cryogenian 
glaciation and concomitant rifting of Rodinia. In the Saratoga Hills, an 800 m thick succession of 
diamictite-dominated strata is exposed, allowing lithofacies and clast compositions to be studied in 
detail, and for the relative influence of glacial versus slope processes on sedimentation to be critically 
assessed for the first time. Two detailed sections, 400 m apart, allow four facies associations to be 
established: (1) Thinly Laminated Argillaceous Sandstone (interpreted as low density turbidites), (2) 
Laminated, Deformed, and Brecciated Limestone (interpreted as carbonate-sourced turbidites), (3) 
Bedded Massive Diamictite (interpreted as glacially-fed debrite), and (4) Interbedded Mudstone, 
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Sandstone, and Diamictite (interpreted as stratified diamictite deposited via ice rafted debris and 
passing gradually into turbidites separated by intensely deformed intervals). Bedded massive diamictite 
is dominant in the succession and shows a gradual up section transition into interbedded mudstone, 
sandstone, and diamictite. This succession is interpreted to record a waning glacial influence: from 
glacially sourced debris flows to stratified diamictite strongly influenced by ice rafted debris. Clasts in 
the diamictite include carbonate, siliciclastic intraclasts, granite, diabase, gneiss, and quartzite. Clast 
presence profiles suggest that in spite of the comparable along-strike facies profiles between the two 
logs, clast content is significantly different within the same stratigraphic unit. This finding suggests that 
clast content is of little use in aiding correlation and lithostratigraphic subdivision of the Kingston Peak 
Formation. The differences in clast compositions is envisaged to be due to complex drainage network. 
Examinations of the sedimentary structures and stacking pattern of the lithofacies, complex drainage 
network, and localized deformation features of FA4 all support deposition as part of a trough mouth fan 
system.  
 
Keywords: Death Valley, Saratoga Hills, Kingston Peak Formation, glaciation, trough mouth fan, 
Neoproterozoic. 
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Introduction 
The record of Cryogenian glaciation in the environs of Death Valley, California, is preserved in a number 
of separate outcrop belts in disconnected mountain ranges (Fig. 1). An understanding of depositional 
mechanisms for diamictite-dominated successions in this area is critical because (i) it has been posited 
that two glaciations of purported global extent occur (the Sturtian and Marinoan: Prave, 1999; 
Macdonald et al., 2013), and (ii) because some diamictites are interpreted to be of glacial origin, 
whereas others are interpreted to be of slope origin (Le Heron et al., 2017). With regard to the first 
point, Le Heron et al. (2018b) argued that the number of glacial diamictite intervals varies considerably 
from outcrop belt to outcrop belt: four are recognised in the Silurian Hills sections (Le Heron et al., 
2017), whereas two are recognised in the Kingston Range sections (Le Heron et al., 2014). With regard 
to the second point, the differentiation of glacial versus non-glacial diamictites is of global significance as 
attempts to understand the intensity and degree of synchroneity of Cryogenian glaciations (Spence et 
al., 2016). In the present paper, we provide the first detailed description and interpretations of a little-
studied section in the Saratoga Hills (Fig. 1) which provide data integral to understanding the 
palaeogeography of Death Valley during the Cryogenian. 
 
Geological background 
Palaeogeographic reconstructions of Rodinia show the supercontinent extending from the equator to 
the North Pole at ca. 825 Ma (Li et al., 2013; Merdith et al., 2017). Following a true polar wander 
between ca. 800 Ma and ca. 780 Ma, Rodinia started moving towards lower latitudes and rifting 
continued to increase relative sea level (Li et al., 2013; Merdith et al., 2017). In a model of globally 
synchronous, or at least correlative, glaciations, three are recognised: a Sturtian glaciation, a Marinoan 
glaciation, and a Gaskiers glaciation (Pu et al., 2016; Spence et al., 2016). In the Death Valley area, the 
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diamictite-bearing rocks belong to the Pahrump Group (Fig. 2). This group comprises, from oldest to 
youngest, the (i) Crystal Spring Formation, (ii) Horse Thief Springs Formation, (iii) Beck Spring Dolomite, 
and (iv) Kingston Peak Formation (Hewett, 1940; Mahon et al., 2014). While the depositional settings for 
the first three stratigraphic units of the Pahrump Group are understood (Mahon et al., 2014, and 
references therein), the Kingston Peak Formation (KPF) remains highly controversial (Schermerhorn, 
1974; Miller, 1985; Hoffman et al., 1998; Prave, 1999; Eyles and Januszczak, 2004; Le Heron, 2015). The 
fierce debate surrounding the KPF stems from (i) its heterogeneous character and association with syn-
sedimentary faults and rift systems (Troxel, 1967; Labotka et al., 1980; Miller, 1985), (ii) the dissected 
and laterally offset outcrops resulting from multiple and successive compressional, extensional, and 
transtensional tectonic regimes (Wright, 1987; Prave, 1999; Troxel and Miller, 2003; Petterson et al., 
2011; Macdonald et al., 2013), and (iii) variable metamorphic overprint which obscured many features 
in the westernmost sections in the Panamint Mountains (Labotka et al., 1980; Miller 1985; Prave, 1999; 
Mattinson et al., 2007; Mrofka and Kennedy, 2011) while at the same time preserving delicate 
sedimentary structures in some eastward sections (e.g., Busfield and Le Heron, 2016; Le Heron et al., 
2017, 2018a). The variable combinations of these three factors raise the question as to whether regional 
tectonostratigraphic units can be recognised and thus subdivided to represent specific, major glacial 
intervals (Prave, 1999; Macdonald et al., 2013) or whether the records of the Cryogenian glaciations in 
the Death Valley area are simply indicative of a major glaciation event with several minor diachronous 
glaciations (Spence et al., 2016; Le Heron et al., 2018b). Added to these issues is the question of 
differentiating glacial from slope-related deposits (e.g. Kennedy et al., 2018). 
The maximum age of the KPF is 787 ± 11 Ma, based on detrital zircon geochronology of the 
Horse Thief Springs Formation (Mahon et al., 2014), and “wiggle matching” carbon isotopes to the late 
Tonian Islay anomaly in the Beck Spring Dolomite (Smith et al., 2016). The Noonday Formation, resting 
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upon the KPF, is interpreted as an Ediacaran cap carbonate (Petterson et al., 2011; Creveling et al., 
2016). However, within the KPF itself, only Mesoproterozoic maximum ages are available (Mahon et al., 
2014; Vandyk et al., 2018). Other workers have argued that some stratigraphic subdivisions of the KPF 
correspond to the 715-660 Ma Sturtian glaciation (Macdonald et al., 2013; Rooney et al., 2014). In the 
Death Valley area, all Neoproterozoic rocks underwent several compressional events during the late 
Palaeozoic (Snow, 1992) followed by another compressional event during the Mesozoic (Burchfiel et 
al.,1970, 1992; Levy and Christie-Blick, 1989; Snow and Wernicke, 2000). These rocks also experienced 
further significant displacement, dissection, and rearrangement during Cenozoic extension (Fleck, 1970; 
Wright et al., 1991; Davis et al., 1993; Calzia and Ramo, 2000). Thus, the acquisition of any reliable 
geochronology from the Neoproterozoic rocks in Death Valley area is exceptionally challenging. 
The tectonic background above explains why building a palaeogeographic map of Death Valley 
during the KPF is challenging, coupled with the fact that the diamictite stratigraphy of some mountain 
ranges simply does not correlate (e.g., Le Heron et al., 2017, 2018a, b). Therefore, the palaeogeography 
can best be understood through the integration of area-specific environmental interpretations of the 
KPF (e.g., Miller, 1985; Petterson et al., 2011; Busfield and Le Heron, 2016; Le Heron and Busfield, 2016). 
This paper aims to provide a high-resolution sedimentological analysis of the KPF at Saratoga Springs 
(Fig. 1), an area which has thus far escaped detailed sedimentological study, providing a vital new 
constraint for basinal and regional palaeogeographic reconstructions. Additionally we assess whether 
clast composition can be utilized as an independent tool for stratigraphic subdivision. Thus, given the 
resurgence in interest in the KPF in recent years, the first detailed sedimentological examination of 
these diamictite-dominated strata is both timely and long overdue. 
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Stratigraphy 
Across the Death Valley area, the KPF is subdivided into western and eastern assemblages (i.e., 
Johnson, 1957; Troxel, 1967; Wright, 1974; Wright et al., 1976; Labotka et al., 1980; Carlisle et al., 1980; 
Miller, 1983, 1985; Prave, 1999; Macdonald et al., 2013). The eastern assemblage, the focus of this 
paper, was further subdivided into northern and southern groupings by Troxel (1967). The northern 
succession is composed, from oldest to youngest, of shale, conglomerate, and quartzite. The southern 
succession, on the other hand, is composed only of conglomerate and quartzite. Troxel (1967) also 
noted that clast composition within the conglomerate beds differs significantly between these two 
successions. Our study area is at the margin between these two successions but is classified as part of 
the northern assemblage. Later work, however, convinced Troxel that these two assemblages “inter-
tongue in a more complex fashion...” (Wright et al., 1976, p. 8). Wright (1974) subdivided the northern 
assemblage into four units (pCk1-4; also known as KP1-4) in the Alexander Hills. A similar fourfold model 
was adopted by Macdonald et al. (2013). We approach this subdivision cautiously, since Creveling et al. 
(2016) demonstrated that KP4, in the Saddle Peak Hills described by Macdonald et al. (2013), may in fact 
relate to non-glaciogenic deposition during the Ediacaran.  In the Saratoga Hills, the KPF sharply overlies 
the Beck Spring Dolomite (Wright, 1974; Mrofka, 2010). The KPF in Saratoga Hills was first examined by 
Wright (1952), who subdivided it into two units: (i) the Green Quartzite Member, and (ii) the 
Conglomeratic Quartzite Member. He noted the presence of a “15-foot layer of black, thinly bedded 
limestone” capping the first unit. This limestone was named by Tucker (1986) as the Virgin Spring 
Limestone from the nearby Black Mountains (Tucker, 1986; Mrofka, 2010; Macdonald et al., 2013). In 
the Saratoga Hills, in ascending stratigraphic order, the KPF can be summarised as follows. A basal unit 
predominantly comprising argillaceous sandstone (Green Quartzite Member of Wright, 1952; KP1 of 
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Prave, 1999; Saratoga Hills Sandstone of Mrofka, 2010) is succeeded by the Virgin Spring Limestone 
(Tucker, 1986). Diamictite-bearing rocks then make up the majority of the overlying succession. 
 
Methodology 
The Kingston Peak Formation in the Saratoga Hills is exposed over an N-S trending area of 2.5 X 1.2 km, 
decreasing in width southward (Fig. 1). Two measured sections are located 400 m apart: the northern 
section is 735 m thick whereas the southern section is 775 m thick. The lower parts of each section 
commence at the Beck Spring Dolomite, while the upper parts of the sections are not marked by contact 
with overlying strata of the Noonday Dolomite as is expected across the region (e.g., Creveling et al., 
2016) but rather by concealment beneath modern day alluvial fan deposits. Grain size, clast 
composition, sedimentary structures, and bed thicknesses were all recorded (Fig. 3), and the presence of 
vein material (calcite, gypsum, quartz) was noted. Although careful attention was paid to locate any 
carbonate-cemented intervals, none were documented. In spite of a detailed search, palaeocurrent 
indicators are sparse in comparison to other Death Valley outcrop belts (e.g., Busfield and Le Heron, 
2016). 
Sedimentological description and interpretation 
This section provides the most detailed description of the KPF in the Saratoga Hills thus far attempted. In 
the present contribution, the KP1 (Prave, 1999) which is synonymous with the Green Quartzite Member 
of Wright (1952) and the Saratoga Hills Sandstone (Mrofka, 2010) is part of the KPF. However, given that 
recent papers underscore the difficulty in correlating individual units of the KPF between neighbouring 
outcrop belts of Death Valley (Le Heron et al., 2017, 2018a, b), this “unit” is treated as Facies Association 
1 in the following section which is called herein as the Thinly Laminated Argillaceous Sandstone. Facies 
Association 2 is a Laminated, Deformed, and Brecciated Limestone, which corresponds to the Virgin 
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Springs Limestone (Tucker, 1986). Particular attention is given to these rocks, noting the need to place 
the overlying KPF diamictites in their appropriate stratigraphic context. Two facies associations are 
recognised in the diamictite bearing interval:  Facies Association 3 is a Bedded Massive Diamictite, 
whereas Facies Association 4 comprises Interbedded Mudstone, Sandstone, and Diamictite. Each of the 
four facies associations is described and interpreted systematically below (Table 1). 
 
Facies Association 1: Thinly Laminated Argillaceous Sandstone 
Description 
This facies association predominantly comprises pink, red, green, and yellow siltstone to very fine 
sandstone.  Strata are intermittently exposed, and exhibit thickness changes at the dm-scale. In the 
northern measured log, this unit is 17 m thick and is composed of siltstone to very fine sandstone (Fig. 
3A, 5-23 m). No sedimentary structures are observed in this area due to the poor exposure of this 
outcrop, but intense folding is present within the uppermost 1-2 m. The basal contact with the Beck 
Spring Dolomite is sharp and horizontal but the upper contact is sharply truncated by overlying 
diamictite. Locally, a thin orange carbonate (i.e., Facies Association 2) interval occurs between the 
siltstone and overlying diamictite. In the southern section, this facies association is 45 m thick (Fig. 3B, 
10-55 m), and overlies a limestone bed composed entirely of oncolite belonging to the upper part of the 
Beck Spring Dolomite (Smith et al., 2016). The sedimentary structures in this locality are dominated by 
well sorted, thinly laminated argillaceous sandstone (Fig. 4A) passing upward into low angle cross 
lamination (Fig. 4B) along with localized dm-sized scours (Fig. 4C).  The basal contact of the KP1 with the 
oncolite bed of the Beck Spring Dolomite is not exposed in this measured section but is reported as 
transitional by other workers (e.g., Mrofka, 2010).  
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Interpretation 
Thickness variation within facies association 1 is due to variable depths of erosion by the overlying syn-
glacial diamictite of facies association 3. The orange clasts found overlying this unit in the northern 
section are interpreted as dislocated clasts of the overlying Virgin Spring Limestone and incorporated 
within the basal parts of facies association 3. Mrofka (2010) reported a thin syn-glacial diamictite layer 
separating clasts of the Virgin Spring Limestone from facies association 1, which further supports the 
incorporation of facies association 1 into the basal parts of the syn-glacial deposits. Deposition between 
seemingly in-situ carbonate beds with mostly transitional contacts, this facies association is envisaged to 
have deposited either in a relatively shallow water environment on a storm-dominated shelf or by low 
density turbidity flows. The apparent lack of mudstone, lack of coarser grains/clasts, and limited 
variation in sedimentary structures are suggestive of deposition by low energy unidirectional flows 
similar to the Td unit of Bouma (1962). 
 
Facies Association 2: Laminated, Deformed, and Brecciated Limestone 
Description 
The first carbonate sequence found within the eastern part of Death Valley in the Kingston Peak 
Formation is documented only in three localities: in the Black Mountains, in Saratoga Hills, and in the 
Saddle Peak Hills (Tucker, 1986; Mrofka, 2010; Macdonald et al., 2013). Tucker (1986) measured a 
detailed section from the first locality of about 8 m thick and named this unit the Virgin Spring 
Limestone after the Virgin Spring Wash where the section is best exposed. This paper provides a 
detailed measured section of the Virgin Spring Limestone from the second locality, Saratoga Hills, with a 
maximum thickness of 8 m (Figs. 3B, 5). Based on the sedimentary structures, the Virgin Spring 
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Limestone could be subdivided into three stratigraphic intervals within our study area: (i) Laminated 
Limestone, (ii) Deformed Limestone, and (iii) Breccia (Figs. 3B, 5A).  
The Laminated Limestone facies is 5 m thick and composed of dark grey mudstone with dispersed fine-
sized quartz grains (Fig. 5A). The sedimentary structure is dominated by thin plane-parallel lamination 
with localized 10-20 cm thick massive limestone beds. These massive beds are lenticular, poorly sorted, 
and locally show intensely contorted sedimentary structures. The occurrence of such deformed layers 
appear to increase up section. The basal contact is generally fault-bounded except in one locality in the 
southern measured section where a transitional relationship is preserved through which sandstone is 
interbedded with limestone over 20-30 cm thick interval (Fig. 5B). Facies (i) is sharply overlain by a 30-50 
cm thick bright-orange limestone of facies (ii). The Deformed Limestone (facies ii) resembles to a large 
extent facies (i) but it is dominated by semi-plastic soft-sediment deformation that passes laterally into 
brittle deformation (Fig. 5C). The basal contact of facies (ii) is sharp, irregular, and is oriented sub-
horizontally but could reach sub-vertical in some localities (Fig. 5A, C), giving this facies a lenticular 
geometry. Where the basal contact of facies (ii) results in deep depressions into facies (i), the infilling 
sediments of facies (ii) is dominated by brittle deformation in the form of angular to rounded limestone 
clasts (Fig. 5C, D). These limestone clasts show the same colour and sedimentary structures of facies (i). 
The overlying breccia of facies (iii) is orange in colour and is about 3 m thick. The breccia is matrix-
supported and contains up to 40% angular carbonate clasts (Fig. 5E).The carbonate clasts of this facies 
appear to have different colours and sedimentary structures than in facies (ii). The basal contact of 
facies (iii) is undulatory and difficult to distinguish the matrix of the breccia from that of the underlying 
deformed limestone. The upper contact of facies (iii) is fault-bounded. 
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Interpretation 
Although other workers have documented an erosive basal contact of the Virgin Spring Limestone 
regionally (Tucker, 1986; Mrofka, 2010), our study area shows a transitional contact between the dark 
grey limestone and the underlying Thinly Laminated Argillaceous Sandstone (Fig. 5B). This transitional 
relationship is interpreted to record a continual record of sedimentation, albeit one which records a 
gradual change in the sediment source. This transitional relationship between siliciclastics and 
carbonates is documented in the upper interval of the Virgin Spring Limestone in the Black Mountains 
(Tucker, 1986) as well as in carbonate beds immediately underlying the diamictite unit in the Silurian 
Hills (Basse, 1978). The dispersed quartz grains throughout the Virgin Spring Limestone is also 
documented by Basse (1978) in the Silurian Hills. The presence of coarser quartz grains within the 
limestone is envisaged to be transported by storm-induced currents.  This interpretation is further 
supported by a petrographic investigation conducted by Tucker (1986) which shows common ooids and 
spheroids interpreted to have transported into deeper water by stronger currents. The transitional basal 
contact, small grain sizes, and the plane-parallel laminations point toward a quiescent environment with 
continuous but limited variation of flow energy. The presence of intensely deformed (or massive) layers 
throughout facies (i) is interpreted to be caused by localized syn-depositional failures. Therefore, facies 
(i) is envisaged to have deposited in a storm-dominated shelf. 
The lateral variations in sedimentary structures in facies (ii) appear to be directly driven by the shape of 
the basal contact. The presence of undeformed sedimentary structures where the basal contact is sub-
horizontal and brittle deformation where the basal contact is sub-vertical suggests that the deformation 
of this unit occurred either during deposition or shortly after deposition. This interpretation is further 
supported by the great similarity in sedimentary structures of both facies (i) and facies (ii) as well as the 
limited range of clast-composition within the brittle deformed intervals. Given the proximity of this unit 
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to the glacial sediments, it is envisaged that the cause of this deformation is due to the fall in relative 
sea level either due to rifting or to glaciation. This fall in sea level most likely have resulted in dissolution 
of the limestone and thus marks a karst interval. The overlying matrix-supported breccia of facies (iii) is 
subsequently interpreted as debrites sourced from nearby karst-collapsed carbonates infilling the 
palaeotroughs. 
 
Facies Association 3: Bedded Massive Diamictite  
Description 
Bedded Massive Diamictite forms 60% of the KPF in the Saratoga Springs area and gives the outcrop a 
very rugged topography (Figs. 3, 6A). This unit is grey-green in colour, but weathers into dark brown. The 
rocks are comprised of poorly sorted, medium to coarse-grained sandstone matrix (70%) and pebble- to 
boulder-sized clasts (Fig. 6B). Clasts predominantly comprise quartzite, granite, carbonate, and diabase. 
Additionally, there are scattered clasts of gneiss, sandstone and mudstone (Fig. 3). Rare clasts of chert, 
schist, and conglomerate are also documented. Clast composition is visually estimated by determining 
the relative abundance of each clast composition (Fig. 3). This variability can be best appreciated by 
noting the following observations. The lower part of our northern section is dominated by quartzite and 
gneiss clasts while the middle interval is dominated by diabase clasts and the upper interval is 
dominated by sandstone, and mudstone clasts (Fig. 3A). By comparison, the southern section is 
dominated by quartzite (Fig 3B, 65-462 m), and carbonate (Fig. 3B, 90-495 m). Granite clasts are mostly 
found in the lower third (Fig. 3B, 70-200 m), while clasts composed of gneiss and diabase are abundant 
over limited intervals. In addition to variation within clast compositions, the clast contents also varies 
throughout the two sedimentary logs. For example, the lowermost 100 m of the southern section shows 
much more clasts associated with relatively thinner beds than that in the lowermost 100 m of the 
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diamictite in the northern section. Throughout this facies association, clasts are generally rounded to 
well-rounded with several intervals showing some angular clasts that are mostly composed of 
carbonate. The size of the clasts also varies from mm-scale up to 2 m (Fig. 6C). Striated clasts are found 
immediately overlying FA2 and continue to be present (although rare) throughout the rest of the 
measured sections (Fig. 6D). 
The diamictite in this facies association expresses some crudely defined bedding trends.  Fining upward 
beds, 2-5 m thick, are common in the northern section from 65-100 m and in the southern section from 
65-190 m (Fig. 3). On the other hand, thicker beds, 5-10 m thick, are common in the northern section 
from 337-480 m and in the southern section from 190-495 m (Fig. 3). The basal contacts are commonly 
erosional (Fig. 6E) but occasionally are extremely irregular with the underlying beds showing evidence 
for convolution (Fig. 6F). In general, however, the basal contacts are difficult to locate but can be traced 
by following the coarser clasts which seem to dominate the lower interval of each bed. The uppermost 
0.5-2.0 m of some beds show an abrupt decrease in clast-content and better sorting (Fig. 6H-K). Such 
intervals show deformed sedimentary structures with 10% of dispersed clasts commonly concentrated 
within a thin interval. One outcrop shows 2-5 cm thick trough cross stratification amalgamated over a 2-
m thick section with dispersed clasts found throughout (Fig. 6I-L). 
Interpretation 
The lack of sorting within the diamictite beds, erosional basal contacts, and the stratified upper sections 
of these beds are all characteristics of debrites (Talling et al., 2012). This interpretation is further 
supported by the gradual decrease in abundance of coarser clasts upward and the gradual transitioning 
from poorly sorted diamictite into moderately to well sorted sandstone beds. The deformation within 
the stratified sections is due to dewatering of the underlying sediments (Lowe, 1975, 1976; Sumner et 
al., 2009). However, the presence of concentrated clasts within a single horizon within the better sorted 
intervals, as well as within undeformed ripple cross lamination, indicates the influence of ice rafted 
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debris. Le Heron (2015) has presented a detailed review of ice rafted debris addressing the alternative 
possibilities to ice rafted debris and concluded that iceberg rafting was the most likely mechanism to 
explain outsized clasts in the southern Kingston Range. Others, however, have argued that outsized 
clasts can be interpreted as “outrunners” from a waning mass flow (Bennie Troxel, 2013, pers. comm). 
The presence of striated clasts, the presence of dropstones (Fig. 6L), and rare stratified diamictite 
intervals (Fig. 6H, I) support a strong if indirect glacial influence upon deposition. Therefore, we interpret 
these debrites to have been deposited from a nearby glacier with intervals of locally reworked glacially-
derived materials. 
High-strength debris flow produces debrites that are > 2 m in thickness (Talling et al., 2012) which can 
be associated with continental slopes (Johns et al., 1981; Laberg and Vorren, 2000). The lack of well-
defined basal contacts implies erosive processes which can be associated with the uppermost section of 
a subaqueous fan system (Laberg and Vorren, 2000). The sorting of clasts, although uncommon, could 
result from variations within the viscosity of flow (Talling et al., 2012). Regionally, the bedded massive 
diamictite facies association compares favourably with the Boulder-Bearing Diamictite of Le Heron et al. 
(2017) reported from the Silurian Hills which was interpreted as a series of stacked glaciogenic debris 
flow deposits. In that study, the ultimate glacial origin for the diamictites was supported by the similarity 
of clast composition to pebbles in abundant dropstone-rich intervals. Despite these similarities, it is 
notable that the Saratoga Hills is characterized by thicker, less interrupted intervals of diamictite than in 
several other neighbouring ranges. For example, the KPF in the Kingston Range, as well as Sperry Wash 
area, are interrupted by numerous heterolithic, rippled, and fine-grained intervals (e.g., Le Heron and 
Busfield, 2016; Busfield and Le Heron, 2016). 
The rare evidence for current activity, coupled with the dominant occurrence of low-density turbidites in 
pre-glacial (facies association 1), storm-dominated shelf deposits (facies association 2), as well as in syn-
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glacial deposits (facies association 3), supports subaqueous deposition below the wave base, most 
probably beyond the glaciated shelf in a deep marine setting. The dominantly coarse-grained nature of 
sediments within the Saratoga Hills in deep marine settings is reminiscent of trough mouth fans 
documented from Quaternary glaciated margins. Thus, following interpretation of the first palaeo-
trough mouth fan in the Cryogenian of South Australia (Le Heron et al., 2013), it is possible that the thick 
assemblage of bedded diamictites in the Saratoga Hills is part of a trough mouth fan deposit in the 
Cryogenian of North America. 
 
Facies Association 4: Interbedded Mudstone, Sandstone, and Diamictite 
Description 
Interbedded heterolithic sediments dominate the upper third of the measured sections and form about 
40% of the KPF in the Saratoga Springs area (Fig. 3). This facies association is subdivided into four facies: 
(i) Monomictic Diamictite, (ii) Interbedded Sandstone and Diamictite, (iii) Interbedded Sandstone and 
Mudstone, and (iv) Intensely Deformed Sandstone. Facies (ii) is always found underlying facies (iii) while 
facies (iv) is only found sandwiched between occurrences of facies (iii). 
FA4 is found immediately overlying Bedded Massive Diamictite (478 m and 609 m in the northern log 
and 497 m and 627 m in the southern log). FA4 begins with the Monomictic Diamictite facies 
characterized by unimodal clast composition dominated by siliciclastic intraclasts in the northern section 
and gneiss in the southern section. A similar unimodal bed was documented by Macdonald et al. (2013) 
in the nearby Saddle Peak Hills but characterized by granite-dominated clasts derived from a proximal 
basement high. Careful examination of the variability in clast shapes and composition over the 
underlying 30 m (i.e., from 450 m in the northern section and from 465 m in the southern section) 
shows a gradual transition. The clasts are commonly angular in shape with a gradual reduction in the 
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diversity of clast types until a near-unimodal assemblage of siliciclastic and gneiss clasts in the northern 
and southern sections, respectively.  
The Interbedded Sandstone and Diamictite facies is poorly exposed, but appears similar to that of FA3. It 
is composed of relatively thick (30-70 cm) diamictite beds passing gradually into thin (10-20 cm thick) 
sandstone beds showing deformed stratification. The deformation is dominated by soft sediment 
deformation along with flame and loading structures. The diamictite beds decrease in number upward 
with the sandstone intervals becoming less deformed. The sedimentological description is complicated 
by the occurrence of quartz veins which discolour outcrops to ochre, pink, or grey. 
The third facies is Interbedded Sandstone and Mudstone which dominates the uppermost third of the 
measured sections and is composed mainly of mudstone punctuated by thin sandstone beds (Fig. 7A). 
The mudstone beds, where exposure is good, show horizontal lamination (Fig. 7B). The sandstone beds 
are fine to medium grained and composed of well sorted sub-angular grains. Each bed is lenticular in 
shape at the dm-scale, fines upward and has a sharp basal contact. Less commonly, flame and load 
structures are found (Fig. 7B-E). This facies could be subdivided into several fining upward sets which 
vary in number from one area to another. Each set starts with a large number of sandstone beds that 
decrease in thickness and frequency upward (Fig. 3).  
The fourth facies is Intensely Deformed Sandstone which is found only within facies (iii) and almost 
exclusively within the southern measured section (Fig. 3). This facies has complex relationships between 
sandstone and mudstone (Fig. 7C-G) and less commonly between breccia beds and sandstone beds (Fig. 
7H). These coarser bodies commonly have semi-vertical contacts with the hosting sediments (Fig. 7E, H). 
The breccia beds are composed of 5-10 cm clasts that are angular and composed mostly of carbonates 
with some well-rounded quartz clasts. Several tabular bodies of well sorted sandstone beds are hosted 
within these breccia beds (Fig. 7H). These intraclasts are tabular in shape, show undeformed internal 
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sedimentary structures, and have poorly defined boundaries (Fig. 7H). The breccia beds are clast-
supported near the bottom transitioning into matrix-supported near the middle of the bed at which the 
clasts decrease in size to 2-4 cm. 
Interpretation 
The diamictite beds within this unit are commonly present throughout FA 4 and show great similarities 
in clast content, shape, and composition to the diamictite within FA 3. Furthermore, the texture and 
sedimentary structures of diamictite within FA 3 and FA 4 are identical. Given that we interpret FA 3 as 
syn-glacial deposits, FA 4 is subsequently interpreted at least as influenced by this glaciation. Thus, FA 4 
is interpreted as a suite of subaqueous deposits of probable glaciogenic origin dominated by a spectrum 
of subaqueous gravity flows and turbidites. Each of the four specific facies is interpreted below within 
this context. 
The gradual upward increase of monomictic clasts in FA 3 provides evidence for a transitional 
relationship from FA 3 into FA 4. The angular shape of these clasts and their single-origin most likely is 
due to their proximity to their source. As the clast composition in the northern section is different than 
that in the southern section, both mark the end of FA 3. The occurrence of this facies in the same 
stratigraphic interval in different localities (including the Saddle Peak Hills) attests to its regional 
importance. Within a rifting context, tectonism is prominent and it is considered by the authors as a 
most-likely trigger for FA4. Localized faults might expose different type of rocks and thus would result in 
depositing different dominant clast content in each of our measured logs. Therefore, the first facies of 
FA4 marks a major change in depositional settings from glacially-dominated setting into tectonically-
dominated setting.  
Facies (ii) is interpreted to represents a distal version of FA 3 due to the upward decrease in thickness 
and occurrences of the diamictite beds, and the significant presence (preservation) of stratified 
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sandstone beds. Therefore, this facies is interpreted as glacially-fed debrites. The deformation of the 
stratification is attributable to dewatering which may imply rapid rates of deposition (Lowe and 
LoPiccolo, 1974; Lowe, 1975, 1976). Stratified diamictites are documented throughout the KPF in the 
Death Valley area (e.g., Macdonald et al., 2013; Le Heron et al., 2014; Le Heron, 2015; Busfield and Le 
Heron, 2016) as well as within younger glacial environments (i.e., late Palaeozoic: Melvin and Norton, 
2013; Limarino et al., 2014; late Cenozoic: McKay et al., 2009; Cowan et al., 2012). Whilst many workers 
propose an ice rafted debris origin for stratified diamictites (Busfield and Le Heron, 2013; Melvin and 
Norton, 2013; Limarino et al., 2014; Le Heron, 2015), a mechanism via debris flow emplacement cannot 
be ruled out (e.g., Eyles and Januszczak, 2004; McKay et al., 2009; Kennedy et al., 2018). Poor exposure 
hinders the recognition of clear dropstones and subsequently both hypotheses for the origin of this 
diamictite are valid.  
The fining upward of sets, normal grading of sandstone beds, and the common flame and load 
structures of facies (iii) are all characteristics of low density turbidites (Bouma, 1962; Mulder and 
Alexander, 2001; Talling et al., 2012). This interpretation is further supported by the repeated presence 
of intensely deformed intervals of facies (iv) at the local scale (i.e., only within the southern measured 
log) which is interpreted as localized deformation (Oliveira et al., 2011). Variation in the number of 
sandstone and mudstone sets from one measured section to another suggests deposition as part of a 
dynamic system such as a subaqueous fan where the stacking pattern varies depending on the active 
depositional lobe (e.g., Groenenberg et al., 2010). Alternatively, this difference could be due to 
variability within the topography or geometry of the depositional basin (e.g., Armitage et al., 2009; Ge et 
al., 2017). 
The deformation features of facies (iv) are produced through liquefied flows which result from the 
instantaneous transition from grain-supported framework into a slurry (Lowe, 1975). This interpretation 
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explains the semi-vertical boundaries of some beds as well as the presence of boulder-sized clasts with 
undefined outer boundaries and preserved internal sedimentary structures. Liquefied flows reflect in 
situ soft sediment deformation and are typically induced by sudden seismic activity (Lowe, 1975; Gibert 
et al., 2011; Moretti and Ronchi, 2011).  
 
Depositional Model 
The depositional environment of the Kingston Peak Formation in the Death Valley area must be viewed 
from both the rifting of Rodinia as well as the Cryogenian glacial record (Miller, 1983, 1985; Le Heron et 
al., 2017). The Death Valley area was located at the heart of Rodinia, in the northwest edge of Laurentia 
from 720-580 Ma (Li et al., 2013). The palaeogeographic setting was dominated by a complex 
relationship between faulted blocks with respect to each other. Therefore, the direction of the drainage 
network, the source of the sediments, and the contacts between units varied depending on the 
architecture of the relative faulted blocks forming the depositional basin (i.e., Armitage et al., 2009; 
Groenenberg et al., 2010; Ge et al., 2017). The model outlined below takes into account pre-glacial and 
syn-glacial phases, in which we also consider proximal and distal relationships (Fig. 8). 
Pre-glacial phase 
The Thinly Laminated Argillaceous Sandstone facies association represents a quiet shelf environment 
passing gradually into relatively shallower settings within which the Laminated Limestone of the Virgin 
Spring Limestone was deposited (Tucker, 1986; Mrofka, 2010). This gradual change from deeper into 
relatively shallower settings is counter-intuitive for syn-rift deposits within which we expect the 
sediments to reflect deepening. However, the sedimentary record in this study area shows that the 
influence of glaciation on relative sea-level was greater than that of the deepening expected from rifting 
(Fig. 8: stage 1). The irregular upper contact of the Laminated Limestone and the overlying Deformed 
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Limestone is interpreted as a karst surface driven by the draw-down of sea-level into the glaciers 
(Mrofka, 2010; Mrofka and Kennedy, 2011; Macdonald et al., 2013). 
Syn-glacial system: Proximal 
The Bedded Massive Diamictite facies association marks a significant change in the depositional setting 
reflected in its erosive basal contact, distinct suite of clasts, and the presence of striated clasts. This 
unique sedimentary record, which cannot be compared to any other underlying strata, necessitates an 
exceptional environmental change. We envisage a setting whereby the deposits are ultimately of 
glaciogenic origin, but the record is one of a proglacial setting: the ice sheet that supplied the sediment 
was probably perched on a glaciated shelf (Fig. 8: Stage 2). In this context, FA 3 represents high density, 
highly amalgamated mass flow deposits, many of which were probably emplaced as glaciogenic debris 
flows. The water depth of emplacement is ambiguous, and hence the amount of accommodation space 
vs. cannibalisation (i.e., the extent to which the record is fully preserved) remains unknown. 
Nevertheless, the repeated, stacked occurrence of these facies compares to trough mouth fan deposits 
from both the Antarctic (e.g., Escutia et al., 2000) and Arctic (e.g., Taylor et al., 2002) records.  
Ó Cofaigh et al. (2003; and references therein) presented a wide variety of trough mouth fans along with 
important controlling factors for such systems. As defined by Vorren et al. (1988, 1989), trough mouth 
fans are delta-like features documented below cross-shelf troughs on the continental shelf and the 
upper continental slope. Although trough mouth fans could either be fed by glaciers or rivers, the 
drainage network and sediments of each source are significantly different (Escutia et al., 2000; Ó Cofaigh 
et al., 2003). For example, the complexity reflected by variable clast compositions at a small scale within 
Saratoga Hills as well as the dominantly coarse-grained deposits of these measured sections are 
characteristic of a trough mouth fan fed by glaciers (e.g., Escutia et al., 2000; Ó Cofaigh et al., 2003). 
Mapping of the sediments around Belgica Trough in West Antarctica presented lenticular-shaped 
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downslope-thinning features commonly found below the trough and rarely documented on the side of 
the Belgica Trough (Dowdeswell et al., 2008). There, the deposits were interpreted as debrites 
(Dowdeswell et al., 2008), recording mass failure of rapidly deposited sediments on the continental shelf 
and upper continental slope during glacial maxima (Laberg and Vorren 1995, 2000; Dowdeswell et al., 
1996; Vorren and Laberg, 1997; Elverhøi et al., 2002; Ó Cofaigh et al., 2003). Finer grained sediments are 
also deposited on a trough mouth fan commonly as a result of gravity flows, meltwater plume, and ice 
rafted debris (Damuth, 1978; Stoker, 1990, 1995; Ó Cofaigh et al., 2003). Commonly, finer grained 
deposits are generated during full-glacial conditions (Dowdeswell et al., 2008), but the variable 
mechanism of their deposition does not preclude their occurrences during glacial retreat or even post-
glacial conditions (e.g., Dowdeswell et al., 2008; Lucchi et al., 2013). 
In this model, subtle changes in the thickness of beds and matrix content might tentatively be linked to 
cycles of meltwater release within the hinterland ice sheet: for example, the thicker beds in the middle 
and upper intervals (280-430 m in the northern section, and 200-278 m in the southern section) might 
imply phases of enhanced meltwater release. Similarly, it can be posited that “megabeds” were 
produced through intervals of prodigious meltwater release at the ice margin, or collapse of very large 
ice proximal moraines to produce these very thick mass flow deposits. 
The clast-composition found within the diamictite is directly related to the strata underlying the KPF in 
the Saratoga Springs area. The difference in clast-abundance from one measured section to another 
might be due to different sources of flow. This interpretation is consistent with the variability of clast-
abundance between the two measured sections. The general shape of the clasts from rounded to well-
rounded suggests either the reworking of these clasts from other deposits or that these clasts have 
travelled relatively long distances. The angular clasts, however, could have been produced by syn-rift 
faulting which explains the significantly larger sizes of angular clasts found in selective beds (450-495 m 
in the northern section, and 465-507 m in the southern section). Our data show that the influence of 
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glaciation and tectonism are dynamic rather than abrupt, which is strongly expressed by the transition 
from FA3 into FA4 (Fig. 8: Stage 3). The differences in bedding styles and clast compositions between the 
measured sections reflects the complex drainage network at the outcrop scale. At the regional scale of 
Death Valley, zircon provenance geochronology points to a complex drainage network (Mahon et al., 
2014). 
Syn-Glacial: distal 
The Interbedded Sandstone and Diamictite facies of the FA4 represents a transitional facies from 
relatively glacio-proximal settings of FA3 to glacio-distal settings of FA4 (Fig. 8: Stage 4). The contact 
between the two facies associations (3 and 4) marks the transitional waning glacial influence. 
Nevertheless, the continuous presence of thin beds of diamictite throughout FA 4 indicates the syn-
glacial deposition of this lithofacies. 
 The limited occurrence of the Interbedded Sandstone and Diamictite facies to the northern facies is 
puzzling, but it could be explained as deposition within a small scale channel. Outside this channel, 
deposition continued for the Interbedded Mudstone and Sandstone facies along with the Intensely 
Deformed facies of FA4 (Fig. 8: Stage 5). Paradoxically, the remarkable thickness of fine sediments within 
FA 4 could either be explained by slow sedimentation rates (Partin and Sadler, 2016), or conversely 
represent rapid deposition as the ice sheet was retreating. The latter interpretation is preferred here for 
the following reasons: (i) the presence of multiple intervals of soft sediment implying rapid rates of 
sedimentation (Oliveira et al., 2011), and (ii) the presence of thick diamictite layers within FA 4 which 
are identical to that within FA 3 which suggests a persisting glacial influence during the deposition of FA 
4. 
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Conclusions 
 The Kingston Peak Formation in Saratoga Hills documents rare and critical exposures of the pre-
glacial units. The Thinly Laminated Argillaceous Sandstone (commonly referred to as KP 1) 
interpreted as low density turbidites exhibits a gradual upward transition into the Virgin Spring 
Limestone, which is interpreted to record storm-dominated shelf deposition. The uppermost 
interval of the Virgin Spring Limestone is interpreted to have a karst horizon marking the onset 
of the glaciation and/or the initiation of rifting association with the glaciation.  
 The syn-glacial succession is dominated by the Massive Bedded Diamictite facies association and 
the Interbedded Claystone, Sandstone, and Diamictite facies association which reaches 710 m in 
thickness. The Massive Bedded Diamictite is interpreted to have deposited as a stacked debrites 
capped by low density turbidites of the Interbedded Claystone, Sandstone, and Diamictite facies 
association. The transition from FA 3 into FA 4 is gradual over a 30 m interval and is interpreted 
to have been induced by tectonic activity. The glacial influence on FA 3 and FA 4 is inferred on 
the basis of striated clasts, and dropstones. 
 Clast composition trends provide a critical tool in understanding the complex drainage network. 
More importantly, it is one of the key indicators for a transitional contact between FA3 and FA4. 
Nevertheless, its limited lateral distribution indicates that it must not be used as an independent 
tool for differentiating stratigraphic units of the Kingston Peak Formation. 
 Collectively, the first detailed description of the KPF at the Saratoga Springs outcrop belt 
highlights the internal complexity of massive diamictites sourced from Cryogenian ice sheets 
perched on rift shoulders in the Death Valley area. Where more than one sedimentary log 
through an outcrop belt is constructed, such as at Saratoga Springs, differences in clast 
composition emerge, allowing us to question whether a representative diamictite can be 
proposed in the context of correlation. 
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Captions 
Figure 1. Map of the study area. (A) Map of major outcrops in Death Valley area along with major faults. 
Study area, Saratoga hills (SH), is marked by a blue rectangle. Exposure of major stratigrahic units are 
highlighted in different colours. SH- Saratoga Hills (also known as Saratoga Springs/Southern Ibex Hills), 
BM- Black Mountains, SPH- Saddle Peak Hills, SW- Sperry Wash, NR- Nopah Range, AH- Alexander Hills, 
KR- Kingston Range, SH- Silurian Hills, CA- California, SF- San Francisco, LA- Los Angeles, LV- Las Vegas 
(from Macdonald et al., 2013). (B) Map of study area showing exposure of the Kingstone Peak Formation 
(part of the Pahrump Group) surrounded by dashed yellow line. A-B and C-D showing location of 
northern measured section while E-F and G-H showing location of southern measured section. Yellow 
star marks recommended type locality of the first unit of the Kingston Peak Formation by Mrofka (2010). 
Figure 2. Schematic stratigraphic column of the major exposed formations at SE Death Valley (modified 
from Smith et al., 2016). TU- Tectonostratigraphic Unit (from Macdonald et al., 2013), HTS- Horse Thief 
Springs Formation, BSD- Beck Spring Dolomite, J-Johnnie Formation. 
Figure 3. Measured sections at Saratoga Hills (see Fig. 1 for location) showing the detailed 
sedimentology, clast-composition, and major lithostratigraphic units. Each log starts at the Beck Spring 
Dolomite and finishes where the exposure deteriorates near the top of the Kingston Peak Formation. 
The thickness of the coloured bars represents the abundance of the clasts. 
Figure 4. Main sedimentary features of FA1. (A) Horizontal lamination. (B) Low angle cross lamination. 
(C) Localized erosional feature in the middle of the picture. 
Figure 5. Various features of FA2. (A) Complex contact between the Orange-colored limestone and the 
Dark grey limestone. (B) Gradational basal contact between the FA 1 and FA 2. (C, D) Irregular 
dissolution features within the dark grey limestone subsequently filled by massive orange-colored 
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limestone with some floating clasts of various shapes and sizes. (E) Angular clasts of dark grey, red, and 
light brown carbonate floating in a carbonate matrix. 
Figure 6. Diamictite facies association forms resistant outcrops providing the study area with rugged 
topography as illustrated in Fig. (A). (B) Graded diamictite showing both well rounded as well as angular 
quartzite clasts decreasing in size upward. (C) Example of large carbonate clasts bounded immediately 
by a diabase boulder to the bottom left side of the picture. (D) Striated clasts almost exclusively found 
on quartzite clasts. (E) Example of erosional basal contact of the greenish diamictite bed truncating a 
brownish sandy bed. Dashed yellow line marks the contact. The brown bed is part of the well sorted 
interval commonly found on top of each diamictite bed. Graded scale is placed on the brown bed and is 
13 cm in length. (F) Irregular basal contact of diamictite bed with the underlying bed showing intensely 
deformed fabric. Yellow dashed line marks the contact. (G) Coarser clasts generally emphasize basal 
contacts of diamictite beds. (H) The uppermost sections of diamictite beds show stingers of coarser 
clasts located along discrete horizons marking the basal contacts of the deformed sandstone beds. 
Yellow arrows mark the basal contact of some beds where trains of clasts are found. (I-K) Another 
example of the well sorted intervals found at the top of each diamictite bed showing rare trough cross 
lamination with pebbles disturbing the sedimentary structures and providing unequivocal evidence for 
ice rafted debris. (L) Quartzite clast distorting underlying lamination and interpreted as dropstone. 
Figure 7. Interbedded Claystone, Sandstone, and Diamictite. (A) Basal contact between FA3 and FA4 
showing the poor exposure of FA4. (B) Rare example of basal contact between graded sandstone bed 
and siltstone/clay-stone beds with flame and loading structures. (C, D) Thinly laminated siltstone beds 
truncated by sandstone bed. (E) Subvertical truncation of siltstone bed providing evidence for sand 
injection. (F-G) Intensely deformed intervals within FA4 are dominated by soft sediment deformation. 
(H) Lenticular tabular conglomeratic beds. Each bed fines upward, and sometimes contain tabular rafted 
sandstone boulders. Yellow arrows mark the boundaries of these boulders. 
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Figure 8. Conceptualized depositional model for the Saratoga Hills. Stages 0-5 show the role of glaciation 
and tectonism and their expressions in the rock record. Stage (0) represents the deposition of the Virgin 
Spring Limestone immediately before tectonism and the onset of glaciation. Stage (1): The onset of 
glaciation induced by rifting resulted in the draw-down of relative sea-level and consequently the 
erosion of the pre-glacial units of FA 1 and 2. Stage (2) shows the deposition of FA3 as stacked debris 
flow and the influence of icebergs on deposition. Stage (3) marks another tectonic event that resulted in 
the deposition of a thin unit overlying FA3 and composed mainly of angular clasts of monospecific 
source. These transitional deposits show the clear difference between glacially-derived materials and 
tectonically-produced sediments. Stage (4) shows the continued relative retreat of the glaciers with 
localized channels that are still fed by glacially-derived diamictite influenced by ice rafted debris. Stage 
(5) shows the ultimate retreat of the glaciers and the lack of any channelized deposits. However, the 
rapid rate of deposition induced frequent soft sediment deformation zones. 
Table 1. Summary of description and interpretations of the main facies associations and their comprising 
facies in the study area. 
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Table 1 
Facies Association Facies Description Interpretation 
Thinly Laminated 
Argillaceous 
Sandstone 
Thinly Laminated 
Sandstone 
Very fine grained sandstone of grey and 
brown colours. The sedimentary structure is 
dominated by horizontal to low angle cross 
lamination with rare small-scale scours. 
Sedimentary structures, size of grains, and 
stratigraphic context are consistent with low density 
turbidites (Talling et al., 2012). 
Deformed Sandstone 
Grey-coloured siltstone to very fine sandstone 
with intense folding and deformation. The 
basal contact is sharp and horizontal. 
The lack of sedimentary structures, and folding style 
reflect intense soft-sediment deformation (Moretti and 
Ronchi, 2011). 
Laminated, 
Deformed, and 
Brecciated 
Limestone 
Laminated Limestone 
Dark grey limestone composed of mudstone 
with dispersed sand grains. The sedimentary 
structure is dominated by plane-parallel 
lamination with localized dm-thick massive 
beds. The basal contact is transitional. 
The grain sizes, sedimentary structures, and 
transitional basal contact indicate transportation via 
fluctuating flows. The massive dm-scale beds are 
interpreted to have resulted from in situ deformation. 
These massive beds in concert with the continuous 
influx of dispersed sand grains indicate a pulse-like 
shallowing of the system. 
Deformed Limestone 
Orange-coloured limestone dominated by 
contorted lamination with some localized 
planar horizontal lamination. Deformation is 
mostly concentrated where the basal contact is 
significantly irregular. The matrix of this 
facies is identical to that of the Laminated 
Limestone facies. 
The significant deformation and its association to the 
shape of the basal contact could indicate syn-
sedimentary deformation associated with dissolution. 
This interval could be interpreted as a karst horizon. 
Breccia 
Bright orange in colour and contains up to 
40% carbonate clasts. The clasts are composed 
of limestone showing different textures than 
the underlying layers, matrix-supported, and 
are angular in shape. The basal contact is 
undulatory. 
The presence of limestone of various compositions 
indicates mixing of exposed semi-lithified to lithified 
carbonate sediments. The lack of sedimentary 
structures, lack of grading, and erosive basal contact 
are consistent with debris flow deposits (Talling et al., 
2012). The angular shape of the clasts, and 
monomictic composition suggests limited 
transportation. 
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Bedded Massive 
Diamictite 
Massive Diamictite 
This facies compose the majority of the 
sediments in the study area and gives the 
outcrops rugged profiles. These rocks are 
greenish grey in colour and composed of 70% 
medium to coarse-grained sandstone. The 
remaining 30% is made up of clasts from 
diabase, quartzite, carbonate, granite, gneiss, 
as well as a wide renge of sedimentary rocks. 
The clasts vary in size from granules to 
boulders and vary in combination both 
laterally and vertically. The beds of diamictite 
are 2-5 m thick, commonly show upward 
fining into moderately sorted sandstone with 
faint sedimentary structures. The basal contact 
of each bed is undulatory. Striated clasts and 
dropstones are found throughout this 
succession within the faintly stratified 
sandstone intervals forming the top of the 
diamictite beds. 
This facies deposited via debris flow with significant 
glacial influence. This interpration explains the wide 
range of sizes, shapes, and composition of the clasts. 
The sedimentary structures at the top of most beds is 
due to the reworking of the diamictite beds. The 
deformation of these sedimentary structure is due to 
in-situ dewatering of the diamictite intervals. The 
presence of striated clasts as well as rare dropstone 
indicate a glacial influence (Le Heron et al., 2013). 
Interbedded 
Mudstone, 
Sandstone, and 
Diamictite 
Monogenic 
Diamictite 
This facies immediately overlies the Bedded 
Massive Diamictite facies association and is 
composed of uni-modal clast-composition 
(siliciclastic in the northern section and gneiss 
in the southern section). The clasts are 
angular, matrix- to clast-supported, and reach 
up to 60 cm in size. 
Tectonically-induced unit marking the transition 
between KP2 and KP3. The angular shape of the 
clasts along with their monomictic composition 
indicates a local source as well as limited 
transportation. 
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Interbeded Sandstone 
and Diamictite 
This facies resembles the Massive Diamictite 
facies and is composed of 30-70 cm thick beds 
of argillaceous diamictite passing gradually 
into thin 10-20 cm thick sandstone beds with 
deformed stratification. The diamictite beds 
decrease in occurrence upward with the 
sandstone beds becoming thinner and less 
deformed. 
Glacially-fed debrites influenced by ice rafted debris. 
The upward decrease in diamictite beds indicates a 
possible increase in relative sea level or the retreat of 
the ice-sheet front. The decrease in deformation is 
associated with the decrease in the thickness of the 
diamictite beds which further supports that the 
deformation of the stratification is cause by in situ 
dewatering of the diamictite beds (Lowe, 1975, 1976; 
Sumner et al., 2009). 
Interbedded 
Sandstone and 
Claystone 
Composed predominantly of claystone (or 
siltstone) beds commonly interrupted by thin 
sandstone beds. The claystone beds show 
horizontal lamination while the sandstone beds 
are massive, graded, and lenticular. The basal 
contacts of the sandstone beds are sharp, 
undulatory, and commonly show loading and 
flame structures. The occurence of sandstone 
beds decrease upward. 
This facies is interpreted as low density turbidites due 
to the alternating nature of claystone and sandstone 
beds, normal grading, and common presence of load 
and flame structures (Bouma, 1962).  
Intensely Deformed 
Sandstone 
This facies is only found within the 
Interbedded Sandstone and Claystone facies. 
These deformed beds could either be 
composed entirely of fine grains or composed 
of coarser pebbles and boulders. 
Predominantly, the beds are oriented parallel 
to the bedding planes but could also be 
oriented subvertically. 
This facies is interpreted as liquified flow deposits 
due to the wide spectrum of grain sizes as well as 
wide range of bed orientations and geometries (Lowe, 
1975; Gibert et al., 2011; Moretti and Ronchi, 2011).  
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